The Event Horizon Telescope (EHT) collaboration has recently released the first image of a black hole (BH), opening a new window onto tests of general relativity in the strong field regime. In this paper, we derive constraints on the nature of M87* (the supermassive object at the centre of the galaxy M87), exploiting the fact that its shadow appears to be highly circular, and using measurements of its angular size. We first consider the simple case where M87* is assumed to be a Kerr BH. We find that the inferred circularity of M87* excludes Kerr BHs with observation angle θ obs 45
I. INTRODUCTION
Black holes (BHs) are among the most peculiar regions of spacetime, and represent the endpoint of the evolution of sufficiently massive stars. They are a fundamental prediction of General Relativity (GR) [1] [2] [3] , and are believed to hold the key for the unification of GR and quantum mechanics [4, 5] . BHs are ubiquitous in astrophysical environments, and come in a wide range of sizes and masses, see e.g. [6] for a review. Of particular interest to us are supermassive BHs (SMBHs), with masses in the range 10 5 − 10 10 M [7] . There is evidence that SMBHs reside at the centre of most galaxies [8, 9] , and power active galactic nuclei (AGNs), central luminous regions that often outshine the rest of the host galaxy.
Various observations suggest that a SMBH resides at the centre of the nearby giant elliptical galaxy Messier 87 (M87) [10, 11] . Hereafter, we shall refer to this supermassive object as M87*. In fact, since 1918 there has been evidence for a radio core in M87 [12] [13] [14] : such a radio core represents the signature of low-luminosity AGNs (LLAGNs) [15] [16] [17] and by extension of SMBHs. LLAGNs consist of SMBHs accreting matter at a rather low rate, and surrounded by a geometrically thick and optically thin emission region [16, [18] [19] [20] [21] . In a series of seminal simulations [22] , it was shown that the combination of the SMBH event horizon and gravitational * bambi@fudan.edu.cn † ktfreese@umich.edu ‡ sunny.vagnozzi@fysik.su.se § luca.visinelli@physics.uu.se lensing of nearby photons leads to the appearance of a dark shadow in combination with a bright emission ring. The work of [23] demonstrated that such image should be visible using very long baseline interferometry (VLBI) experiments. In order to observe the dark shadow of M87*, Earth-scale baseline VLBI is required. The Event Horizon Telescope was set up with the goal of imaging the shadow of M87*, and possibly also that of Sgr A* (the SMBH at the center of the Milky Way). The EHT consists of a global network of radio telescopes observing at 1.3 mm wavelength and with Earth-scale baseline coverage [24] . Recently, the collaboration succeeded in detecting the dark shadow of M87* [25] [26] [27] [28] [29] [30] .
The no-hair theorem states that BH solutions to the Einstein-Maxwell equations of GR and electromagnetism are completely characterized by three parameters: mass M , electric charge Q, and angular momentum J [31] [32] [33] [34] [35] . Kerr BHs are rotating BHs with zero electric charge, whose line element was first derived in [36] . In order for the Kerr metric to describe a BH instead of a naked singularity (which would violate the cosmic censorship hypothesis [37] ), the Kerr bound |a| ≤ M needs to be satisfied, where a = J/M is the rotational parameter.
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In fact, it is easy to show that the radial coordinate of the horizon of a Kerr BH, r h , is given by [35] :
in Boyer-Lindquist coordinates. The Kerr bound is then simply equivalent to the requirement that the argument of the square root in Eq. (1) be positive.
However, there is no good reason to believe that the singularity should still exist, and hence the cosmic censorship hypothesis be required, once quantum gravity effects are taken into account. In fact, it is plausible that quantum gravity effects, whatever they turn out to be, could "cure" the pathologies associated to time-like singularities. In this case, there is no reason to expect that the Kerr bound holds. In fact, Gimon and Hořava argued in [38] that the Kerr bound might be violated in string theory, to the point that the observation of compact objects violating the Kerr bound might be seen as experimental evidence for string theory. Such Kerr-violating objects were dubbed "superspinars" in [38] .
2 Another phenomenological possibility put forward in [40] is that quantum gravity effects might replace the singularity by an object of finite size, for instance a core of radius R ss . More generally, one might interpret R ss as parametrising the scale at which quantum gravity effects become important.
Observing the dark shadow of astrophysical BH candidates is an extremely promising route towards experimentally verifying the existence of superspinars. As shown in [40] , the absence of a horizon leads to the shape and size of the dark shadow of superspinars being potentially dramatically different compared to those of a Kerr BH. While the shadow of a Kerr BH is expected to be quite circular (depending on the angle of observation) [41] , the shadow of superspinars can be highly noncircular (elliptical or even triangular-like) [40] . Moreover, although the shadow of a superspinar is generally smaller than that of its Kerr counterpart, we find that for R ss of the same order as M and for moderate spin a M , the shadow of a superspinar could resemble that of a Kerr BH. The dark shadow of M87* detected by the EHT is visibly highly circular. Deviations from circularity, quantified in [25] in terms of RMS distance from the average radius of the shadow, were estimated to be 10%. As argued in [25] , this detection already qualitatively rules out several exotic alternatives to that of M87* being a "standard" Kerr BH [42, 43] .
Our goal in this paper is to quantitatively explore the bounds placed on the interpretation of M87* as either a standard Kerr BH or as a superspinar, from the measured circularity and angular diameter of the object in the EHT observations. First we bound the parameter space describing M87* assuming it is a Kerr BH, in light of the inferred circularity of the image. We focus on the observation angle θ obs and dimensionless spin parameter a * = a/M , and derive constraints on the two (see Fig. 1 ). We find that the observation excludes θ obs 45
• for 1 ≥ a * 0.95.
Secondly, we examine the claim made by the EHT collaboration in [25] that the superspinar case is qualitatively ruled out by the image of M87*. Our quantitative study in this paper shows that this statement is not true, and that a superspinar interpretation of M87* remains viable for certain regions of parameter space. In particular, using the phenomenological parametrisation put forward in [40] , one of our goals is to place limits on the previously mentioned quantity R ss , setting the scale at which quantum gravity effects become important and prevent the appearance of a naked singularity even when the Kerr bound is violated (see Fig. 2 and Fig. 3 ). We show that for some values of R ss ∼ M and for a dimensionless spin parameter a * 1, the shadow of a superspinar has the desired size that matches the observed angular diameter of the M87* image, while respecting the circularity bounds. This exotic object cannot thus be ruled out as a possible explanation based on these quantities alone. Motivations for relatively large values of R ss /M have been provided in terms of the BH information paradox [44] [45] [46] , which seems to require new physics appearing at the gravitational radius of a system rather than at the Planck scale [47] [48] [49] [50] .
II. SHADOW COMPUTATION
We now review the computation of the shadow of Kerr BHs and superspinars performed in [40] . Our discussion will be very brief and we encourage the reader to refer to [40] for detailed considerations and formulas. We begin by considering the case of a Kerr BH, thus respecting the Kerr bound |a| ≤ M .
The shadow of the BH is defined as the boundary between capture orbits and scattering orbits: photons fired inside the shadow are captured, whereas photons fired outside are scattered. The BH shadow is found by looking at the photon orbits. In Boyer-Lindquist coordinates, the geodesic equation for photons can be rewritten in terms of an effective potential R:
where R itself depends on M and a of the spacetime as well as on the energy E, the component of the angular momentum along the BH spin L z , and the Carter constant Q of the photon (see Eqs.(2,3) in [40] ). Since photon trajectories are independent of the photon energy, it is convenient to work with the variables ξ ≡ L z /E and η = Q/E 2 . For an observer at infinity at an angle θ obs , with θ obs = 90
• denoting an observer on the equatorial plane, ξ and η are related to the celestial coordinates of the observer x and y by:
Since ξ and η are ratios of constants of motion, they are constants of motion themselves. The goal is then to look for the values of (ξ c , η c ) characterising the photon orbits (defined as the circular orbits for which E diverges for massive particles), as in the Kerr metric they separate capture and scattering orbits. Operationally, the photon orbits are found by solving the two coupled algebraic equations R = 0 and ∂R/∂r = 0 (closed expressions for ξ c and η c are given in Eq.(9) of [40] ). From these values of ξ c and η c and using Eq. (3), we produce a parametric closed curve in the x-y plane, representing the shadow of the BH. 3 As in [40] , we find that the shadow is slightly asymmetric along the spin axis (it is flattened on the side corresponding to photons with angular momentum aligned with the BH spin), and shows a mild dependence on the observation angle (of course for an observer at θ obs = 0
• the shadow is perfectly circular for symmetry reasons). For a Schwarzschild BH (a = 0), the shadow is circular for any observation angle.
For a superspinar, the situation is slightly more complicated, as there are formally no capture orbits. As done in [40] , besides θ obs and a, we now introduce one extra parameter, R ss , governing the scale at which quantum gravity effects become relevant. Physically, we can imagine that the singularity at r = 0 is replaced by an object of finite radius R ss covering the singularity. Hence, one can formally think of "capture" orbits as those for which the turning point is at r t < R ss .
Operationally the shadow is obtained by solving R = 0 and imposing r = R ss to obtain values of (ξ s , η s ) characterising critical orbits. A closed expression for ξ s as a function of η s and r = R ss is given in Eq. (10) in [40] . 4 In practice, we vary η s and verify that the corresponding ξ s is real: if this occurs, the (η s , ξ s ) point belongs to the boundary of the shadow. The set of all (η s , ξ s ) points is used in combination with Eq. (3) to produce a parametric closed curve in the x-y plane, representing the shadow of the superspinar. As in [40] , we find that for θ obs = 90
• and R ss = 0 the shadow is a line, reflecting the fact that the cross-section for photon capture by the central core is infinitesimally thin. As R ss is increased, the shadow becomes triangular-like. For intermediate θ obs , the shadow becomes prolate, whereas for θ obs = 0
• the shadow is a circle again for symmetry reasons.
The shadows of Kerr BHs and superspinars we obtain are symmetric upon reflection around the xaxis. The geometric centre of the shadow is given by x G = xdA/ dA, y G = 0 , with dA the area element. We use the geometric centre to construct a measure of deviation from circularity ∆C as follows. We first define the angle φ between the x-axis and the vector connecting the centre of the figure (x G , y G ) with the point (x, y) at the boundary of the shadow we are considering. The average radiusR of the shadow is then given bȳ
Finally, following [25] , we define ∆C as the RMS distance from the average radius of the shadowR:
The deviation from circularity defined in Eq. (5) can be used to perform a comparison between the theoretical predictions for Kerr BH and superspinar shadows, and the EHT observation.
III. RESULTS
The EHT collaboration asserts that the deviation from circularity in the image of M87* is ∆C 10%. We use this as an observational limit to place constraints on the parameter space of Kerr BHs and superspinars. We begin by considering the Kerr BH case.
Kerr BH
For the Kerr BH case, the relevant parameter space is 2-dimensional, as the shape of the shadow is determined once the viewing angle θ obs and the dimensionless spin parameter a * ≡ a/M = J/M 2 are known. We scan over the region of parameter space a * ∈ [0, 1] and θ c ∈ [0, 90
• ]. The resulting deviation from circularity ∆C shown in Fig. 1 , with the black curve denoting the EHT limit ∆C < 0.1 (the region to the right of the black curve is excluded). As we see from the figure, the measured circularity can only exclude the region of parameter space corresponding to observation angles θ obs 45
• near the Kerr limit a * ∼ 1, with the exact lower limit on θ obs depending on the value of a * . For instance, for a * = 0.9 we find that θ obs 70
• is excluded, whereas for a * = 0.95 we find that θ obs 45
• is excluded. When making the additional assumption that the jet is powered by the spin and it is aligned with the spin axis (for instance through the Blandford-Znajek mechanism [51] ), the measurement of the direction of the jet leads to θ obs = 17
• [52] . Recently, the value θ obs = 17
• has been used in conjunction with simulations of the twist of the light emitted and propagated from the Einstein ring surrounding the shadow of M87* to estimate a * 0.9 ± 0.1 for a Kerr BH [53] . In our work, we have not included any other observation besides the deviation from circularity of the Kerr BH, so that the constraints in Fig. 1 are derived from the sole observation of the shadow. These constraints are therefore complementary to those of [53] .
FIG. 1. Kerr black hole:
deviation from circularity ∆C defined in Eq. (5) as a function of the Kerr BH dimensionless spin parameter a * = a/M and observation angle θ obs . The region above the black line is excluded by the measured circularity of M87* reported by the Event Horizon Telescope collaboration in [25] .
Superspinar
The superspinar case is slightly more complex as the parameter space is now described by the three parameters: the observation angle θ obs , the dimensionless spin parameter a * , and the superspinar radius-to-mass ratio R ss /M . We find that for low enough inclination angles the shadow is highly circular and hence compatible with the observed circularity of M87. Considerations on symmetry imply that the shadow of the superspinar is a circle in the limit θ obs → 0
• , independently of the values of a * and R ss . On the other hand, for θ obs 50
• , the deviations from circularity become extreme for most values of a and R ss and hence excluded by M87*. In any case, the criticism reported in [25] regarding the (im)possibility of M87* being a superspinar rely on the size of the shadow, which is expected to be smaller than that of a Kerr BH. In fact, the size of a Kerr BH shadow is generally of the order of ∼ 10 M for most values of θ obs and a * . On the other hand, the shadow of a superspinar can be smaller and less circular, depending on the parameters θ obs , a * , and R ss .
To quantify this result, we have also considered the observation reported in [30] of the angular size of the shadow, δ = (42 ± 3) µarcsec. Following [25] , we consider the distance to M87* to be D = 16.8 +0.8 −0.7 Mpc, whereas the mass of the object is M = (6.5 ± 0.2 stat ± 0.7 sys ) × 10 9 M , with M the mass of the Sun. These numbers imply that the size of the shadow should be:
where the errors have been added in quadrature and for simplicity we have considered a symmetric region D = (16.80 ± 0.75) Mpc.
In Fig. 2 we plot the deviation from circularity ∆C as a function of a * and R ss /M for the superspinar case when fixing the angle of observation to θ obs = 17
• . For the relatively small angle θ obs = 17
• , the superspinar parameter space opens up considerably. The reason is that the shadow of the superspinar becomes more circular the more the observation angle moves towards zero, for symmetry reasons. The regions to the left of the black curve on the left side of the figure, above the black curve at the top of the figure, and to the right of the black curve on the right side of the figure, are excluded by the inferred circularity of M87*.
In addition to circularity, we also have to consider the constraints on the size of the shadow of M87*, which are given by Eq. (6). The region of parameter space consistent with this size is enclosed between the two green curves in Fig. 2 . When combining the two requirements of the superspinar having both the correct size and circularity, we find that the allowed range of parameter space is given by the green hatched region in Fig. 2 : this is the portion of parameter space corresponding to the intersection of the two region we previously described. For any of the values of a * and R ss lying within the hatched region, the superspinar solution leads to a viable shadow that resembles what has been observed in M87*, both in terms of size and circularity. On the left side of the figure, we see that the inferred circularity leads to the constraint 1.8 R ss /M 3.5 for 1 a * 4.5. On the right side of the figure, we find that a vertical region at values 4.5 a * 6.5 and for R ss /M 3 is also allowed: this reflects the fact that for a given value of the core radius R ss , the size of a superspinar shadow tends to appear larger as a * is increased.
We now discuss the results we obtain when we do not concentrate on the value θ obs = 17
• , and instead fix the value of the spin parameter. In Fig. 3 , we plot ∆C as a function of R ss and the angle of observation θ obs for a * = 1.1. A large deviation from circularity excludes the whole region of parameter space to the right of the black curve in Fig. 3 . In particular, for R ss 0.1 M , any inclination larger than θ obs ≈ 35
• is excluded. When the core radius increases, R ss 0.1 M , the lower limit on θ obs gets progressively weaker because the shadow becomes more and more circular. For R ss 1, the trend changes and the superspinar appears to be less circular for a larger
FIG. 2. Superspinar:
The green hatched region shows the allowed region of parameter space for superspinars, in agreement with the circularity and size of the EHT observation, at fixed observation angle θ obs = 17
• . The parameters shown are the superspinar dimensionless spin parameter a * and radiusto-mass ratio Rss/M . The color coding illustrates the deviation from circularity ∆C defined in Eq. (5) . The regions to the left of the black curve on the left side of the figure, to the right of the black curve on the right side of the figure, and above the black curve on the top of the figure, are excluded by the circularity of M87* inferred by the Event Horizon Telescope collaboration in [25] . In the two regions within the green lines, the size of the superspinar shadow matches the size reported by the EHT collaboration [30] . The intersection between the region allowed by the circularity limits and the region allowed by the size limits is given by the region hatched in green.
core radius. When we include the information obtained from the size of the shadow, we find that most of the region R ss M is excluded. As in Fig. 2 , the hatched region is the allowed region of parameter space obtained by combining the constraints from circularity as well as size of the shadow. For larger values of R ss M and a relatively low inclination angle, we obtain a portion of the parameter space in which the shadow respects both the requirements from the circularity (it lies to the left of the black curve) and of the size [it lies within the two green lines describing the bound in Eq. (6)]. For this restricted region of parameter space, we cannot exclude the possibility that M87* might be a superspinar. As can be seen from [25] . The white region to the right of the figure features extreme deviations from circularity (∆C 100%) and was not explored for practical reasons. The two green lines bound the region in which the size of the superspinar lies within the range given by observations, Eq. (6). The intersection between the region allowed by the circularity limits and the region allowed by the size limits is given by the region hatched in green. One can see that values of 5 Rss/M 1 are allowed, depending on the observation angle. allowed for sufficiently low observation angles (θ obs 10
• ). Indeed R ss /M ∼ 3 is allowed out to θ obs ∼ 35
• for a * = 1.1.
IV. CONCLUSIONS
The extraordinary first detection of a BH shadow by the Event Horizon Telescope collaboration leads to a deeper understanding of these extreme objects. BHs are becoming now more than ever a tangible reality which we can use to perform tests of GR and fundamental physics.
In this paper, we have used the fact that the shadow of M87* is very close to circular in addition to the size of the shadow to study the possible nature of this object. We have first considered the scenario where we take M87* to be a Kerr BH, thus respecting the Kerr bound |a| ≤ M . We find that the portions of parameter space with observation angle θ 45 • (70 • ) for dimensionless rotational parameter a * 0.95 (0.90) respectively are excluded.
We then tested the more exotic "superspinar" scenario. Even if the Kerr bound is violated, quantum gravity effects might prevent the appearance of a naked singularity by replacing the singularity with a larger object on a scale R ss . First we studied the specific case of observation angle θ obs = 17
• , the angle of the jet [52] . From the requirement on the size and circularity of the superspinar shadow, we found that within the portion of the parameter space hatched in green in Fig. 2 we cannot exclude the possibility that M87* might be a superspinar. Then we studied the case of arbitrary observation angle, with results shown in Fig. 3 . For the specific case of a * = 1.1, we find that the inferred circularity of the shadow alone requires that for R ss /M 0.1, any angle larger than θ obs 35
• is excluded. From the combination of limits on the circularity and size of the shadow, again for the case a * = 1.1, we find that a superspinar with 1 R ss /M 5 at low observation angles is allowed as a possible candidate for M87*. Our main conclusion is that superspinars with dimensionless spin parameter a * > 1 are possible explanations for M87*.
Event Horizon Telescope's remarkable images allow tests of fundamental physics from the observation of the dark shadow of M87*. 5 We look forward to improvements in VLBI technologies, allowing for space-based interferometry or observations on smaller wavelengths (and hence higher resolution) which would allow more thorough tests of the scenarios we have considered. At any rate, there is no doubt that future images of BH shadows will provide exciting tests for fundamental physics and exotic objects which might shed light on physics operating at energy scales we can only ever dream of reaching on Earth.
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